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INTRODUCTION

Development of coal upgrading processes such as gasification and lique-
faction must be continued because of the long-term uncertainty in the availa-
bility of petroleum resources. Identification of components and investigation
of the environmental effects of coal-derived products produced in these
upgrading processes are required. Although numerous studies describing the
identification and characterization of polycyclic aromatic hydrocarbons
(PAH) and polycyclic aromatic compounds (PAC) containing a single heteroatom
have been reported, PAC containing more than one heteroatom have been only
tentatively identified until recently. In the last year, many new PAC
containing two heteroatoms in a solvent-refined coal liquid were positively
identified using capillary column gas chromatography. These compounds
include hydroxylated thiophenic compounds (1), aminodibenzothiophenes (2),
hydroxylated nitrogen heterocycles (3), azathiophenic compounds (4), and
amino-substituted nitrogen heterocycles (5). In this paper, the analytical
methods for the identification of trace amounts of PAC containing two hetero-
atoms in complex coal-derived materials are reviewed. The structural charac-
teristics of the PAC formed in a solvent-refined coal liquid and a coal tar
were compared, and standard compounds were synthesized for verification of
identifications and for mutagenicity testing.

EXPERIMENTAL

A solvent-refined coal heavy distillate (SRC II HD: 260-450°C boiling
point range) was obtained from the Fort Lewis, Washington, pilot plant
(operated by the Pittsburg & Midway Coal Mining Co.). A coal tar was obtained
from the National Bureau of Standards, Washington, DC. This was a medium
crude coke oven tar. Standard compounds were obtained commercially or
synthesized by us (6).

The SRC II HD material and coal tar were fractionated into chemical
classes by adsorption chromatography on neutral alumina and silicic acid (3,
7). The third (A-3) and fourth (A-4) alumina column fractions which were
composed of the nitrogen- and hydroxy-containing PAC, respectively; the second
(S-2) and third (S-3) silicic acid column fractions from the A-3 fraction
which were composed of the amino- and tertiary nitrogen-containing PAC,
respectively; and the second ($-2‘) silicic acid column fraction from the A-4
fraction which was composed of hydroxy nitrogen-containing PAC were analyzed
in this study.
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Hewlett-Packard Model 5880 gas chromatographs equipped with flame
ionization (FID), sulfur-selective flame photometric (FPD), nitrogen-selective
thermionic (NPD), and Ni electron capture (ECD) detectors were used in this
study. The capillary columns were prepared by coating 10-20 m x 0.2 or 0.3 mm
i.d. fused silica tubing (Hewlett-Packard, Avondale, PA) with SE-54, a 25%
biphenyl polymethylsiloxane (8,9), or a smectic liquid-crystalline poly-
methylsiloxane stationary phase (10-13) (0.25 um film thicknesses). A
Hewlett Packard Model 5982A GC-MS system was used to obtain mass spectral
confirmation of identified compounds. The Ames mutagenicity assays were
performed as described by Ames et _al, (14) with minor modifications.

RESULTS AND DISCUSSION

The chemical complexities typically associated with coal-derived products
require stationary phase selectivity in addition to high efficiency for their
analysis by capillary column gas chromatography. We have recently synthesized
a new polarizable stationary phase, a biphenyl polysiloxane (8,9), and
several liquid-crystalline polysiloxanes (10-13) for the analysis of PAC. The
biphenyl polysiloxane provided unique selectivity for the polar amino- and
hydroxy-substituted nitrogen and sulfur heterocycles. The polar substituent
groups on the PAC interact with the m-electron cloud of the biphenyl group.
Blocking of polar groups is sometimes recommended for strongly polar
compounds. Blocking of the polar group leads to a decrease in the dipole-
induced dipole interactions between solutes and the stationary phase. This
"softer" interaction often results in improved resolution. All isomers of the
hydroxydibenzothiophenes in the coal tar were resolved and identified using a
25% substituted biphenyl phase (Figure 1) after blocking of the hydroxyl
group. In comparison, only the 1- and 2-hydroxydibenzothiophenes were
detected in the SRC II HD. Similarly, improved resolution was observed for
the pentafluoropropyl (PFP) derivatives of the alkylated aminodibenzothio-
phenes (2). The large retention differences between the original polar
compounds and their derivatives gave complementary evidence for their iden-
tification (1,2).

The separations achieved on liquid-crystalline stationary phases is based
on the molecular geometries of solutes, such as size, shape, and planarity, in
addition to other factors associated with conventional stationary phases.
Positive identifications of the hydroxylated thiophenic compounds were
achieved using both a smectic liquid-crystalline stationary phase and the 25%
biphenyl stationary phase (1). This liquid-crystalline phase was also used
for the separation of isomeric PAR (15), sulfur heterocycles (16), and
amino-PAH (5).

Approximate concentrations of the amino- and hydroxy-substituted nitrogen
and sulfur heterocycles were estimated to be 1-10 ppm in the SRC II HD. In
comparison, corresponding PAC containing only one heteroatom were present at
approximately 100-1000 ppm, and PAH were found to be present at 0.1-5% in the
same sample (17). The amino- and hydroxy-substituted heterocycles were
identified at low levels by utilizing selective detectors during the analysis
of fractions in which one of the two functional groups was enriched: FPD for
the nitrogen heterocycles and amino-PAC fraction, FPD for the hydroxyl-PAC
fractions, ECD for the tertiary nitrogen PAC fraction, and NPD for the
hydroxyl and nitrogen-PAC fractions. Compounds were positively identified by
comparison of retention data with those of standard compounds and by selected
ion mass spectrometry. Figure 2 shows one example: the ECD chromatogram of
the PFP-derivatized SRC II HD S§-3 fraction., This chromatogram shows only the
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PFP-amide and tertiary nitrogen-containing compounds; the aminophenylpyri-
dines, aminophenylquinolines, and thelr alkylated derivatives were identified
by GG-MS.

All isomers of the aminodibenzothlophenes and the azadibenzothiophenes
were assayed for mutagenicity using the Ames test (2,4). The 2- and 3-amino-
dibenzothiophenes were strongly mutagenic, and their average response was ten
to one hundred times greater than the average response of benzo[a]pyrene,
while all isomers of the azadibenzothiophenes were inactive. Recently, the
microbial mutagenicities of numerous isomeric 3- to 5-ring sulfur heterocycles
have been extensively studied (18-20). The presence of a sulfur heteroatom
was found to have little effect on mutagenicity. Likewise, compounds contain-
ing both nitrogen and sulfur hetercatoms in the rings also demonstrated
little mutagenic activity.

Representative PAC structures found in the SRC II HD and the coal tar
containing one heteroatom and two heteroatoms are given in Tables 1 and 2,
respectively. It is thought that the major reason for the difference between
the two samples was auto-catalytic mild hydrogenation in the SRC II process.
This would explain the difference in abundance of the amino compounds
hydroxyl PAC, sulfur heterocycles with fusion on only one side of the
thiophene ring, 4H-benzo[def]carbazole, etc. The amino and hydroxyl groups
in the SRC II HD are thought to be derived from nitrogen and oxygen hetero-
cycles by hydrogenation. The 2- and 3-ring amino-PAH in the SRC II HD were
the major components of the amino-PAH fraction, while only the aminonaphtha-
lenes were detected in the coal tar, and then only at a low level (5).
Likewise, the aminodibenzothiophenes in the SRC II HD were present as major
components, but only the azathiophenic compounds were present in the coal tar
(4). Also, the hydroxyphenylthiophenes and the hydroxyphenylbenzothiophenes
were more abundant than the hydroxybenzothiophenes and hydroxydibenzothio-
phenes in the SRC II HD (1). On the other hand, only the hydroxybenzo-
thiophenes and hydroxydibenzothiophenes were present in the coal tar. Figures
3 and 4 show chromatograms of the hydroxyl nitrogen-PAC fractions of both
samples. Marked abundances of the hydrogenated compounds, i.e. hydroxyphenyl-
pyridines, was noticeable in the SRC I1 HD.

Structural similarities between the heteroatom-containing PAC and the PAH
were found. Structures of the PAC containing two heteroatoms were similar to
those of the PAC containing one heteroatom, and the structures of the PAG
containing one heterocatom reflect the parent PAH structures. The
relationships between structure and abundance for these compounds are
discussed in detail elsewhere (17).
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Figure 1.
fraction on a 25% biphenyl polysiloxane stationary phase.
Conditions: temperature program from 120°C to 265°C at 4°C min~
an initial 2-min isothermal period; hydrogen carrier gas at 100 cm s~
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Figure 2. ECD chromatogram of the SRC II HD $-3 PFP derivatized fraction_on
SE-54. Conditions: temperature program from 70°C to 100°C at 10°C min™",
after an initial 2-min isothermal

then from 100°C to 265°C at 4°C min~
period; helium carrier gas at 50 cm s~

160



om
QO
\H\r_‘ -
&

r TIME Imin )
o 10 20 30 40 50 60
10 120 160 200 240 265

TEMPIec|

Figure 3. NPD chromatogram of the SRC II HD S-2' fraction on a 25% biphenyl
polysiloxane scacionarir phase. Conditions: temperature program from 40°C
to 120°C at 10°C min"l, then from 120°C to 265°C at 4°C min"l, after an
initial 2-min isothermal period; helium carrier gas at 50 cm s~
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Figure 4. FID chromatogram of the coal tar S-2' fraction on SE-54.
Conditions: temperature program from 70°C to 100°C at 10°C min'l, then
from 100°C to 265°C at 4°C min"l, after an initial 2-min isothermal
period; hydrogen carrier gas at 100 cm s°L,
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Table 1. Comparison of the PAC containing one heteroatom identified in the
SRC II coal 1liquid and the coal tar.

PASH N-PAC HPAH
2-PANH APAH 3-PANH
Coaltar | SRc 1 |[Coal tar | SRC 1 | Coal tar | sRc n | Coal tar| SRC M | Coal tar| SRC Il
o | - [&-| - | - loerl o] - - | oo
C&b & (I? - - OO ':E;T/O - cé}’ -
go|go|do | - | &E&| & | &g -
oy | - & - | ST S SR -
Table 2. Comparison of the PAC containing two hetercatoms identified in the

the SRC II coal liquid and the coal tar.

PANSH / APASH HPASH HPANH
Coal tar | SRC Il |Coal tar | SRCH |[Coal tar | SRC I
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